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a b s t r a c t
The aim of the EndoTOFPET-US collaboration is to develop a multi-modal imaging tool combining
ultrasound with time-of-ﬂight positron emission tomography into an endoscopic imaging device. One of
the objectives of this scanner is to reach a coincidence time resolution of 200 ps full width at half
maximum. The external detector is constructed with 256 matrices of 44 lutetium–yttrium oxyortho-
silicate scintillating crystals, each with a size of 3:5 3:5 15 mm3, coupled to 256 Hamamatsu TSV
multi-pixel photon counter arrays (S12643-050CN). A full characterisation of these arrays has been
performed in order to assure the quality of the arrays prior to the gluing to the crystal matrices. The
breakdown voltage, dark count rate and single photon time resolution have been measured both at DESY
and CERN. After this characterisation, the crystal matrices were glued to the multi-pixel photon counter
arrays. The coincidence time resolution of each module has been measured at CERN using an ultra-fast
ampliﬁer-discriminator as the reference readout ASIC. Results of the characterisation of multi-pixel
photon counter arrays and the crystal modules are presented here.
& 2014 CERN for the beneﬁt of the Authors. Published by Elsevier B.V. This is an open access article under
the CC BY license (http://creativecommons.org/licenses/by/4.0/).
1. Introduction
The EndoTOFPET-US [1] detector comprises of an internal probe
and an external plate. The external plate of EndoTOFPET-US detector
constitutes of 256 lutetium–yttrium oxyorthosilicate (LYSO) scintillat-
ing crystal arrays (each with a size of 3.53.515mm3) produced by
CPI coupled to 44 discrete S12643-050CN multi-pixel photon
counters (MPPC) (each with a size of 33mm2) produced by
Hamamatsu. The external plate consists of 8 parallel front-end boards
(FEB), each one hosting 864 channel readout ASICs [2]. The seq-
uence of the assembly of the external plate is shown in Fig. 1.
A full characterisation of the MPPC arrays has been performed,
both at CERN and DESY, in order to assure the quality of the
product. After this characterisation, the crystal matrices were
glued to the MPPC arrays. The Dow Corning RTV 3145 is been
used for the gluing. The index of refraction of RTV 3145 at 420 nm
wavelength is 1.6 which allows more scintillating light to transmit
to the MPPC array than air coupling. The coincidence time reso-
lution (CTR) of each module (crystal glued on MPPC array) was
measured using the electronics of the reference setup at CERN. The
result of this quality control procedure is presented in this paper.
2. Breakdown voltage
Within the EndoTOFPET external plate, four MPPC arrays are
grouped together and supplied by a common bias voltage. Thus it
is necessary to measure the breakdown voltage for each MPPC
channel of the matrix to ensure that the breakdown voltage of all
channels grouped together are within 70.2 V (as speciﬁed by
Hamamatsu). Every four MPPC arrays are then sorted into one
group according to the breakdown voltage. The breakdown voltage
was assigned to the value of the voltage where the gain is equal to
zero. This method is based on the assumption that the gain is
linearly proportional to the excess bias voltage. The gain is
obtained by measuring the charge of single photo-electrons. The
typical plot of gain versus bias voltage is shown Fig. 2; the voltage
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of the zero gain (V0G) is obtained by extrapolation using a linear ﬁt.
The histogram of the V0G obtained from gain method is shown in
Fig. 3. The V0G distribution for the 256 MPPC arrays shows 2 V spread;
all MPPC arrays are then sorted into groups based on the V0G.
3. I–V characterisation
The current is measured as a function of the reversed bias
voltage using a Keithley 2410 source meter in a temperature
controlled dark box. A typical plot of I–V for the 16 MPPCs of an
array is shown in Fig. 4. VIV of each channel of the MPPC array is
extracted from the I–V curve as the intersection point between an
exponential ﬁt to the data 0–2 V above the breakdown and a
baseline calculated below the breakdown voltage. An excellent
homogeneity has been observed between the 16 channels of each
MPPC array. For the measurements of the dark count rate (DCR),
single photon time resolution (SPTR) and CTR presented in this
paper, the voltage was set to be 2.5 V above this value; the current
at this voltage drawn by each MPPC when coupled to the scintillat-
ing crystals was measured to be 2.5 μA.
Fig. 1. The sequence of the assembly of the external plate.
Fig. 2. Gain as a function of the bias voltage for an MPPC. The line is a linear ﬁt to
the data points whose errors are within the symbol.
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Fig. 3. Distribution of V0G for all channels of the MPPC arrays using zero gain
method.
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Fig. 4. Current as a function of bias voltage for all 16 channels of one MPPC array.
The measurements are performed at 19 1C.
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4. Dark count rate
The DCR is a measure of the noise of the MPPC. The DCR has
been measured as a function of the threshold of the NINO
ampliﬁer/discriminator. A typical DCR plot of 16 channels of one
MPPC array is shown in Fig. 5. The step in the DCR plot indicates
the threshold between 1 and 2 photo-electrons (pe). The steep
slope at this threshold indicates the homogenous gain of the
microcells (SPADs) within one MPPC and low noise when read out
with the NINO ASIC [3]. The DCRs values measured at the 0.5 pe
threshold are histogrammed and shown in Fig. 6; the mean value
of the DCR distribution is 0.88 MHz for the total 256 MPPCs.
Additionally, from Fig. 5, the percentage of the crosstalk between
SPADs can be measured; this is the ratio of DCR at 1.5 pe threshold
to DCR at 0.5 pe threshold. The mean value of crosstalk of the
MPPC array shown in Fig. 5 is 41.4%.
5. Single photon time resolution
The SPTR has been measured on a sample basis by using a
picosecond laser with 403 nm wavelength. This is to control the
homogeneity of the MPPCs within one array. Moreover, SPTR can
show the behaviour of the front-end electronics used for the
subsequent CTR measurements since high noise in the front-end
electronics would degrade the timing performance of the ﬁnal
assembly. The SPTR of each MPPC within one array was measured
independently by only applying a bias voltage to a single MPPC in
the array; the trigger threshold was ﬁxed at the 0.5 pe level. The
time difference between the laser ‘synch out’, and the output
signal from the NINO is recorded with the high precision TDC
(HPTDC- 25 ps LSB) [4]. An ofﬂine analysis of the single photo-
electron signal was then implemented to obtain the SPTR as
shown in Fig. 7. The improvement of the SPTR with increasing
bias voltage is observed, reaching a plateau of 110 ps sigma for an
over-voltage of 5 V above VBD.
6. Coincidence time resolution
The timing performance of the MPPCs coupled to the scintillat-
ing crystals was tested using the CERN reference setup as shown in
Fig. 8. As shown in this ﬁgure, two 44 arrays of LYSO scintillation
crystals are wrapped in Vikuiti and are placed facing each other
10 cm distance. A 22Na source is placed between them and aligned
with the line connecting the centres of the two modules. One
module has been selected as the reference for the measurement of
the other 256 modules.
Data analysis is performed with a total number of 4106
triggers. Time-over-Threshold (ToT) spectra of two correlated chan-
nels are shown in Fig. 9. The 511 keV gamma peaks were ﬁrst
selected in the ToT spectra; then the time difference between the
two modules after applying the ToT 511 keV peak event is histo-
grammed and shown in Fig. 10. This pair has presented a CTR full
width at half maximum (FWHM) of 227.3 ps.
Fig. 11 shows the CTR as a function of bias voltage for one pair
of photodetector modules. The CTR improves with the increase of
the bias voltage, as expected. For the CTR measurements, an over
Fig. 5. DCR as a function of NINO ASIC threshold for all 16 channels of one MPPC
array. The measurements are performed at 19 1C and 2.5 V above VIV.
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Fig. 6. Histogram of the DCR for 256 MPPCs. The measurements were made at
19 1C and 2.5 V above VIV.
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Fig. 7. SPTR of 16 channels of one of the MPPC array. Breakdown voltage of this
MPPC array is 65.1 V. The measurements were performed at 19 1C.
Fig. 8. The setup used for the timing measurements. The two photodetector
modules are placed facing each other, 10 cm apart. A 22Na source is placed between
the two modules.
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voltage of 2.5 V was used for all modules. The NINO ASIC threshold
was ﬁxed at 55 mV, which is equivalent to the threshold of 0.5 pe.
The temperature of the measurement setup was set to 19 1C. The
CTR of the 256 modules is measured with respect to the reference
module and the distribution is presented in Fig. 12 with an average
of 239 ps FWHM.
7. Conclusion
The characterisation of 256 arrays of 44 MPPCs, supplied by
Hamamatsu for the external plate detector of EndoTOFPET-US, has
been performed. These arrays have low DCR and exhibit good SPTR
(110 ps sigma). The breakdown voltage for the individual MPPCs
making up the 44 arrays is within 0.15 V range. An average CTR
value of 239 ps FWHM has been measured for the 256 modules.
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Fig. 9. Typical time over threshold spectra for two back-to-back channels.
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Fig. 10. A Gaussian ﬁt is applied to the time difference between each crystal pair.
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Fig. 11. CTR as function of bias voltage for one pair of photodetector modules.
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Fig. 12. The CTR distribution of all crystals pairs at 2.5 V above VIV. T¼19 1C.
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For such a large number of readout units (crystalsþMPPC array),
such performance is very promising and close to our target value
of 200 ps.
Acknowledgments
This work was supported in part by the European Union 7th
Framework Program (FP7/2007-2013) under Grant agreement no.
256984 EndoTOFPET-US and in part by a Marie-Curie Early Initial
Training Network Fellowship of the European Community's 7th
Framework Program under Grant agreement (PITN-GA-2011-
289355-PicoSEC-MCNet).
References
[1] E. Auffray, F. BenMimounBelHadj, N. Brillouet, et al., Design and performance of
detector modules for the endoscopic PET probe for the FP7-project EndoTOF-
PET-US, Nuclear Science Symposium and Medical Imaging Conference (NSS/
MIC), 2012 IEEE. IEEE (2012) 3236–3240.
[2] R. Bugalho, C. Gastona, M.D. Rolo, et al., EndoTOFPET-US data acquisition
system, iWoRID 2012, JINST.
[3] F. Anghinolﬁ, P. Jarron, A.N. Martemiyanov, et al., Nuclear Instruments and
Methods in Physics Research Section A 533 (2004) 183.
[4] J. Christiansen, HPTDC, High Performance Time to Digital Converter version 2.2,
CERN-EP/MIC, 2004, 〈http://tdc.web.cern.ch/tdc/hptdc.htm〉.
Z. Liu et al. / Nuclear Instruments and Methods in Physics Research A 787 (2015) 240–244244
